Low-voltage (LV) fuse systems, which open a circuit by cutting the current when it exceeds a given value for an adequate period, are used in nonresidential, commercial and industrial buildings. LV-fuse systems consist of a fuse base, fuse link, and a detachable operating handle. The fuse link is made of a ceramic alloy. In this study, a full-factorial experimental design with two levels was used to solve the fracture problem of fuse links. In this scope, performance criteria (compressive strength), factors affecting the performance criteria (moisture ratio, shaping duration, drying duration and firing duration) and factor levels were determined in the initial stage. Main effects and interactions among factors were investigated, and factor-level combinations that maximize the compressive strength were determined according to the analysis results. Finally, the relationship between compressive strength and experimental factors was presented in the form of f = y(x) for prediction purposes.
Experiments are carried out under controlled conditions in order to discover an unknown effect, test or establish a hypothesis or illustrate a known effect. Traditional experiments, in which one factor is changed and other is kept constant, have some negative aspects in terms of workload, time and costs. In addition, it is not possible to determine potential interactions that occur between two or more factors. The term "designed experiment" or "experimental design" refers to conducting trials upon subject input factors of a system or process to certain purposeful modifications in an effort to determine the effects caused by those modifications on the output [1] .
Central composite full factorial experimental designs investigate the effects of two or more factors or input parameters on the output response of a process. All levels of each factor in the experiment are made to match with each level of other factors in the experiment, thus ensuring that all potential combinations of the factors in determined levels are analyzed [2] . The general notation for a central composite full factorial experimental design run at b levels is b k = # runs, where k is the number of factors. A 2 k full-factorial design is a special type of central composite full factorial experimental design that allows simultaneous operation of the impacts of two-level factors [3, 4] .
Problem-solving and process-improvement studies related to various fields of activity utilizing experi- [12] , Rangabathan et al. [13] and Yan and Chyan [14] are good examples. Central composite factorial experimental designs; the Taguchi Method; and response-surface techniques were used in these studies. The studies mainly addressed manufacturing industry. In the present study, a 2 4 full-factorial design was used to solve the cracking problem of fuse link with ceramic alloy produced in the electrotechnical industry. Although there is already a considerable amount of research done in those areas, as far as the authors know there is no work reported utilizing an experimental design on fuse systems.
MATERIALS AND METHODS

Problem definition
A low-voltage (LV) fuse system is a fuse system that opens a circuit by cutting the current when it exceeds a given value for an adequate period of time. These systems are used in nonresidential, commercial and industrial buildings. LV-fuse systems consist of a fuse base, fuse link and a detachable operating handle [15] .
This study focused on solving the cracking problem of low-voltage fuse systems, recurring problem in a company that manufactures electrical material with porcelain isolation. The company experienced the cracking problem in manufacturing fuse links after starting to use a new ceramic alloy from a local producer. Since cracks in the fuse system could cause an explosion or fire by disabling it in the case of a short circuit, they are very risky in terms of safety. For that reason, the "cracking problem" was one that should be solved.
Selection of response variable
The main cause for cracking was the temperature of the copper wire conducting current through the fuse system. Heat, which formed inside the fuse-link body from the copper wire, expanded water and air inside the sand placed in the body to keep temperature and compression low, creating compression inside the fuselink body and causing it to crack. In order to overcome this problem, the following solution methods were considered:
1. Expansion of the fuse-link interior volume. (Increasing the volume of the sand placed inside the fuse-link body decreases the effect of temperature and compression).
2. Reducing the number of fuse wires from two to one. (The distance from the heat source to the body will increase and the body will be less heated. Furthermore, since each single wire has less volume than a double wire, it would be possible to increase the volume of the sand inside the body).
3. Improving the resistance to compression ratio by making certain modifications in the manufacturing of the fuse-link body.
To apply the first solution, the interior volume of the fuse-link body should be expanded. However, since no modification can be made to exterior dimensions due to standards, expansion of the interior volume will result in decreased body thickness, which might lead to problems such as reduced resistance to impacts. In the second method, the number of wires would be reduced to one in order to increase the interior volume of the fuse-link body. However, it would be necessary to increase the thickness of the wire to handle the current properly. Since this solution will require other high-cost modifications in terms of wire breakage and circuit opening at high voltage -the operation principle of the fuse system -it does not seem applicable at this stage.
For these reasons, it was decided that improving the resistance to compression in the fuse-link body by making modifications in the manufacturing parameters of the fuse link is the most feasible alternative. Thus, the response variable (performance criterion), which is the output of the experimental process under various settings within the data range, was determined to be "compressive strength of LV-fuse links."
Determination of factors and factor levels
The factors thought to have an effect on compressive strength of the LV fuse link are listed below [16, 17] :
• humidity ratio of raw material, • shaping time, • drying time, • drying temperature, • firing time and • firing temperature. Since all of the products manufactured in the factory are fired in a common furnace and dried in a common drying furnace, it is not possible to change firing time and drying temperature. These two factors, which can also affect other products, are included in the uncontrollable-factors group. In this case, controllable factors, which affect performance criteria, were found to be humidity ratio, shaping time, drying time and firing temperature.
The humidity ratio for raw material used by the manufacturer is 5%. Since the humidity ratio recommended for ceramic materials is generally 4%, as an alternative to the existing situation a humidity ratio of 4% is appropriate.
Raw materials in the factory are shaped by a press. Since a short pressing time causes expansion and void formation inside the material immediately after the pressing process, shortening the material's resistance, applied pressure time should be extended as much as possible. On the other hand, pressing periods longer than five seconds will mean failure to achieve production targets. Finally, five seconds was chosen as an alternative to the currently used pressing time of three seconds.
When the material is kept in drying room for a prolonged time, the humidity ratio decreases which might cause burning of the material or formation of cracks during firing. For this reason, instead of currently used twelve-hour drying period, a nine-hour drying time was selected.
The firing temperature currently used is 1290 °C. However, increased firing temperatures are desirable for ceramic materials. Therefore, as an alternative, the furnace temperature should be increased to 1310 °C, the highest possible value.
The controllable experimental factors and their levels are presented in Table 1 . In the next stages of the paper, the symbols of the factors will be used. 
RESULTS AND DISCUSSION
Conducting experiments
In 2 k full factorial design, since experiments are conducted in all probable combinations of all factor levels, a total of 16 (2 4 ) different combinations were tested in this study. Experiments were executed in random order to correctly evaluate experimental errors. Five measurements were made for each combination of factors. After manufacturing under the conditions presented in Table 2 , the fuse links were tested under internal pressure. During the tests, no horizontal or longitudinal external loads were placed on the bodies. One side of each body was sealed by a boltedon lid, the other side by a fixed lid. Hydraulic oil was used in inlet of the bolted-on lid. Internal pressure was generated by a hand-operated hydraulic-compression testing device and displayed on the manometer. The internal pressure was increased until cracks appeared on the surface of the body, which led to substantial oil leakage. The maximum pressure value at which the body began to leak was recorded for every sample in the Table 2 as the performance criteria.
Data analysis
Minitab 16 statistical software was used for data analysis. In the first stage, a null hypothesis assuming that the main effects and interactions were equal to zero was tested using F test. In Table 3 , p values smaller than 0.05 indicate that all effects and interactions are not equal to zero at a 5% significance level. In other words, compressive strength basically depends on the main effects of A, B, C and D, and the interaction of B*C.
At the second stage, the terms that seemed statistically insignificant compared to other effects were neglected and the related statistics were then calculated with the remaining variables. Table 3 also shows the estimated effects and coefficients of the model. The t-tests revealed that the main effects of A, B, C, and D are significant at the level 1%, and the interaction of B*C is significant at the 5% level.
The absolute value of the factor effects given in Table 3 corresponds to the relative effect of the related experimental factor on the response variable. Since the effect of A has the highest absolute value, this factor is the most effective independent variable on compressive strength. The order of factors according to their effects on compressive strength is A, D, B, C and B*C, starting with the highest value to the lowest.
The positive coefficient means that compressive strength increases as the factor is changed from the low to high levels given in Table 1 . On the other hand, if the coefficient is negative, a reduction in the compressive strength occurs as the factor is changed from the low to high levels. That is, the sign of the factor effect shows which level of the factor will give a higher response value. For example, the fact that the raw-material ratio (A) is negative means that a low level of this factor will increase compressive strength more than a higher level of the same factor.
In any designed experiment, examining a model for predicted response is important. Coefficients in such a model show the impact of any effect on the response for each increase of one unit. Coefficients given in Table 4 were used to create Eq. (1), which indicates the relationship between the compressive strength and experimental factors: 
To calculate compressive strength based on Eq. (1), coded values of independent variables presented in Table 1 should be used. In case of real values, Eq. (2) should be used: 
R 2 values show which part of the response variable is explained by model terms. These values are calculated using the sums of squares in analysis of the variance table. According to the analysis results, approximately 86% of variability in compressive strength is explained by the factors included in experimental design.
In order to make pair-wise comparisons among the levels of the experimental factors, the Tukey HSD Test was used. According to Table 4 , means that do not share the same grouping letter are significantly different. Confidence intervals, including nonzero values, also indicate that significant difference between the factor levels exists.
The main-effect graphics of the factors are presented in Figure 1 . The main effect of a factor is the difference between average response variables, which were calculated when the factor was at high and low levels. According to the main-effect graph, the more difference factor-level changes create on response variable, the more vertical the line combining the levels is.
The factor A appears to have a greater effect on the response, as indicated by a steep slope.
"Interaction" refers to effect of a factor on performance criteria is being dependent on another factor. In the presented analyses, B*C interaction, which was found to be significant, was analyzed in a multivari chart in Figure 2 . It can be clearly observed that the effect of the increase in drying time (C) on compressive strength was significantly different when shaping time (B) was at a high level (5 s).
A residual is the difference between an observation and its predicted value, according to the statistical model being studied. Experimental design is based on the assumption that residuals are normally and independently distributed. The residual graphs presented in Figure 3 were used to check the validity of this assumption. Since the residuals lie approximately along a straight line and a pattern -such as sequences of positive and negative residuals -is not observed, it was concluded that the residuals are normally and independently distributed.
CONCLUSIONS
Experimental design can be used at the point of greatest leverage to reduce design costs by speeding up the design process, reducing late engineering design changes and reducing product material and labor complexity. Designed experiments are also powerful tools to achieve manufacturing cost savings by minimizing process variation and reducing reworking, scrap and the need for inspection.
In the present study, a 2 4 full-factorial experimental design was used to overcome the problem of cracking in LV-fuse link bodies manufactured in the factory operating in electrotechnical industry. The ultimate goal is to improve the process of making the LV-fuse links. It was found that there was an interaction between shaping time and drying time; that the most important factor affecting the process was raw-material humidity ratio. The factor-level combination that maximizes the compressive strength were: humidity ratio of 4%, shaping time 5 s, drying time 12 h and firing temperature of 1310 °C. Achieved compressive strength with this combination was over 5 MPa, which eliminated the cracking problem. It would be suitable to use a new ceramic alloy in the manufacturing of fuse-link bodies as long as the manufacturing process has been modified based on the determined factorlevel combinations. 
